The research was carried out to determine the influence of the chemical composition and moisture content in seeds from selected soybean cultivars on their mechanical properties. The individual seeds were investigated at five moisture contents in the conditions of quasi-static loads with the use of a Zwick universal testing machine. Mechanical properties of the soybean seeds from the analyzed cultivars depended on their chemical composition and moisture content. The seeds of the cv. 'Herta PZO' ruptured when the significantly smallest amount of the rupture force (105.6 N) was applied and were most prone to deformation (29.2%). The seeds of the cv. KS-40 were significantly less prone to deformation (16.7%) and ruptured with the smallest amount of energy (71.5 mJ) applied. The cv. 'Petrina' required the significantly highest amount of force (140.6 N) necessary for seed rupture, while the significantly highest modulus of elasticity (1721 MPa) was observed in the cv. SP-16. The cv. 'Aligator' required application of the significantly highest amount of energy (142.7 mJ). An increase in the moisture content in seeds caused a significant decrease in the rupture force and modulus and an increase in deformation and energy. Soybean seeds with higher protein and ash content ruptured when higher force was applied and were characterised by a higher modulus of elasticity, smaller extent of deformation and lower energy, being therefore more resistant to damage. Soybean seeds containing more fat and fibre were more prone to damage. Together with the increase in the moisture content (7-19%), we observed a decrease in the impact of the chemical components analyzed on the rupture force and the modulus of elasticity. At the same time we observed an increase in the influence of the tested components on deformation and energy.
Introduction
Soybean (Glycine max (L.) Merrill) is a particularly good source of protein (35-42%) and fat (16-27%) . This makes the soybean one of the most valuable and most commonly cultivated crops (Kumar et al., 2006) . The soybean shares the flaw of many plants from the Fabaceae family, namely it is prone to mechanical damage occurring during threshing, cleaning, drying, transportation, storage and processing. Knowledge of the physical properties of soybean seeds is therefore particularly important for the optimization of harvesting, drying and storing processes, as it translates into minimization of losses and mechanical damage (Rybiński et al., 2009) .
Unlike cereal grains, soybean seeds have two cotyledons between which a gap may be formed if the water content is low. This leads to an increased susceptibility of the seeds to damage like, for example, breaking in half (Shahbazi et al., 2011 a; Dobrzański, Stępniewski, 2013) . The moisture content in seeds strongly influences the occurrence of mechanical damage, affecting elasticity and resistance in both cotyledons and the seed coat (Sosnowski, Kuźniar, 1999; Shao et al., 2007; Szwed, Łukaszuk, 2007; Shahbazi et al., 2011 a; . Optimum moisture content at which the mechanical damage of seeds determined in the conditions of dynamic loads was minimum (Sosnowski, Kuźniar, 1999) and germination percentage was maximum (Divsalar, Oskouei, 2011 ) is 13-15%. This stems from a very complex seed structure (Moïse et al., 2005) . The process of crushing is strongly influenced by soybean seed elasticity and viscosity. Seed elasticity plays an important role in the first stage of crushing, and its viscosity -in the subsequent stages (Dobrzański, Stępniewski, 2013) . The occurrence of damage also depends on the size and shape of seeds as well as seed coat thickness and chemical composition (Capeleti et al., 2005; Rybiński et al., 2013) . Karaj and Müller (2010) and Dobrzański and Stępniewski (2013) demonstrated that seed resistance to mechanical damage significantly decreases together with an increase in seed weight. A similar correlation was observed by Kuźniar et al. (2013) in the legume plants analyzed. Cultivars with heavier and thicker seeds were found to be less susceptible to mechanical damage. The increase in seed weight also resulted in the increase in resistance to damage, whereas the increase in seed thickness resulted in decreased deformation.
The aim of the study was to assess the influence of the chemical composition and moisture content in the seeds of the selected soybean cultivars on their mechanical properties.
Material and methods
Research material comprised seeds of seven cultivars and three lineages of soybean (Glycine max (L.) Merrill) cultivated in 2014 in the Podkarpacie region (Poland), on the premises of the Przecław Plant Variety Testing Station (alluvial soil, very good wheat complex, class II).
Total protein content was measured by the Kjeldahl method, calculated on the basis of total nitrogen content and 6.25 conversion factor, crude fat was determined by the Soxhlet method, crude fibre by the Henneberg-Stohmann method, and crude ash content was established by burning the material in 600°C. The initial moisture content of the seeds was determined using ASAE standard S352.2 (2006) involving the oven-drying method. The samples were placed in an oven set at 103°C for 72 h. The samples were cooled in a exsiccator, reweighed and the moisture content of the seeds calculated. The quantity of distilled water was calculated from the following equation (Kibar, Öztürk, 2008; Davies, Zibokere, 2011): , where W W is distilled water weight (g), W S -dry sample weight (g), M f -final moisture content of sample (%), M i -initial moisture content (%).
Thereafter, seed samples of the desired moisture level were prepared by adding the calculated amount of distilled water and sealing in separate polythene bags. The seeds were kept in a refrigerator at a temperature of 5°C for one week to enable the moisture to distribute uniformly Razari et al. (2007) . Prior to the experiment, the samples were taken out of the refrigeration and allowed to warm up to room temperature for four hours. The mechanical properties of seeds were investigated at five moisture contents: 7, 10, 13, 16 and 19 % (optimum moisture content, two lower and two higher). The resistance of individual seeds to mechanical damage was determined in the conditions of quasi-static loads with the use of a Zwick universal testing machine, in accordance with the previously developed methodology (Kuźniar et al., 2013; Nasirahmadi et al., 2014) .
The following parameters indicated the seed resistance to mechanical damage: maximum force (N) resulting in seed rupture, maximum deformation (mm) at the moment of rupture, modulus of elasticity (MPa) and strain energy (J) required to crush the seed. The obtained values were used to calculate relative deformation at a given rupture force, with the following formula (Altuntas, Yıldız, 2007) : , where ε is relative deformation (%), Dmaximum deformation (mm), T -thickness of seed (mm).
Load was applied perpendicularly to the plane of cotyledon separation, with a constant velocity v = 10 mm min -1 . Sample size comprised 20 seeds per each treatment. Before the load was applied, the seeds were measured with respect to their weight (0.001 g tolerance), length, width and thickness (0.01 mm tolerance), and the sphericity φ (%) was calculated using the relationship described by Koocheki et al. (2007) , Milani et al. (2007) and Sharma et al. (2011): , where φ is sphericity (%), L -length (mm), Wwidth (mm), T -thickness (mm).
Statistical analysis of the results was conducted using the software Statistica 10. Bivariate analysis of variance and the LSD significance test at α = 0.05 were performed.
Results and discussion
The soy cultivars analyzed differed significantly in terms of the seed length, width, thickness, roundness and weight (Table 1) . Soybean 'Petrina' seeds were the widest (7.03 mm), the thickest (6.15 mm), the roundest (92.53%) and the heaviest (209 mg). The soybean 'Aligator' seeds were the longest (7.93 mm) and the least spherical. Soybean 'Augusta' seeds were the smallest, with seeds 7.25 mm in length, 6.43 mm in width, 5.13 mm in thickness and the 153 mg in weight.
Both factors investigated, i.e. cultivar and moisture content, had a statistically significant effect on all the resistance parameters analyzed. Soybean 'Herta PZO' seeds (Table 2) were the most prone to damage, rupturing at the significantly lowest force of 105.6 N on average, and displayed the highest deformation (29.2%). Cultivar KS-40 seeds were the significantly least prone to deformation (16.8%) and ruptured when the lowest amount of energy (71.5 mJ) was applied. 'Petrina' seeds were the least susceptible to mechanical damage -they required the use of the significantly highest force (140.6 N). The significantly highest modulus of elasticity (1721 MPa) was observed in cv. SP-16 seeds, and the significantly highest energy (142.7 mJ) in 'Aligator' seeds.
The increase in moisture content from 7% to 19% was accompanied by the significant decrease in force (166.1 to 86.2 N) necessary to destroy seeds (Table 3 ) and in modulus (4503 to 196 MPa) (Table 4) as well as the significant increase in deformity (4.9% to 52.8%) (Table 3) and energy (19.6 to 247.5 mJ) (Table 4) . The lower the seed modulus of elasticity, the higher its viscosity parameter and the lower its mechanical damage resistance to fractures occurring due to external forces (Chigarev, 2013) . The cultivars studied showed little diversity in deformation (Fig. 2) and energy (Fig. 4) for the lowest moisture (7%). This diversity increased along with the increase in moisture, with the highest diversity reported at 19% moisture content. The reverse was found for modulus ( Fig. 3) , where the decrease in diversity among cultivars occurred as the moisture content increased. The relation between destructive force and moisture content is best described as a linear function (Fig. 1) , and deformation (Fig. 2) , energy (Fig. 4) and modulus (Fig. 3) as a power function. Similar correlations were described by Aghkhani et al. (2012) for Christmas Lima bean seeds, Kiani Deh Kiani et al. (2008) for red bean seeds and Kabutey et al. (2014) for Jatropha seeds. The aforementioned authors used the linear function to describe the correlation between moisture content and force as well as deformation, energy and modulus of elasticity. Łysiak and Laskowski (2007) on the other hand, reported a relation between deformation and moisture content on wheat grain in reflected as a power function. Altuntas and Yıldız (2007) and Tavakoli et al. (2009) reported a relation between force and moisture content on soya seeds, as well as between energy and moisture content with a quadratic function. The influence of moisture content of soya seeds on energy and deformation presented by Altuntas and Yıldız (2007) has more a power function character than a quadratic function. Hebda and Frączek (2005) , on the other hand, reported a relation between compressive energy in legume seeds (beans, peas and vetch) reflected as a power function, and for caryopses of wheat and rye the relation between moisture and energy was a more linear function. Changes in the analyzed resistance parameters of the soybean seeds concurrent with the increase of moisture content were varied among the cultivars studied. The highest concurrent decrease in force (nearly 3.5-fold) was observed in the cv. SP-29 and the lowest (1.57-fold) in the 'Augusta'. The highest increase in resilience and energy occurred in the 'Herta PZO' (19-fold and 27-fold, respectively), and the lowest in the cv. respectively) . The highest decrease in modulus occurred in the 'Amandine' soybeans (64-fold) and the lowest in the 'Petrina' (14.6-fold). Protein content in the seeds of soybean cultivars studies was found to * -significant at α = 0.05 be between 31.35% in 'Herta PZO' and 36.97% in 'Amandina', fat content between 17.93% (cv. SP-16) and 21.93% ('Aligator'), fibre between 7.03% ('Petrina') and 8.78% ('Augusta'), ash between 4.86% ('Herta PZO') and 5.49% ('Petrina'). Variance analysis results indicate that the soy cultivars differed in terms of the average content of fat, fibre and ash (Table 5) .
The influence of chemical composition of soybean seeds on their mechanical properties varied in the analysed cultivars and depended on their moisture content. Soybean seeds containing more protein and ash required more force to burst (Fig. 5) and were characterized by a higher seeming modulus of elasticity (Fig. 7) , being more resistant to damage, and seeds with higher fibre content were more easily damaged. In contrast, the influence of fat content in seeds on destructive force was not significant at all moisture contents. The increase of seed moisture (7-19%) was correlated with the decrease in impact of analyzed chemical composition on destructive force. This is evidenced by a decreasing coefficient of determination R 2 and coefficient of slope of the line describing the relation between mechanical parameters and chemical composition of seeds from analyzed soybean cultivars.
Seeds with decreased protein, fibre and ash content and higher fat content required more energy to be destroyed (Fig. 8) . The influence of these contents on energy was higher with increased moisture. Similarly, seeds with less protein and ash and more fat were more easily deformed (Fig. 6) , especially with increased moisture. Higher fibre content in seeds with 7% to 13% moisture led to a slight decrease in deformity; in seeds with 16% to 19% moisture, it led to an increase in deformity. Rybiński et al. (2013) lupines, peas and grasspea on resistance to mechanical overload and reported the occurrence of similar adverse correlation between module and fat content. The reported adverse correlation between modulus and protein content may have resulted from higher variety in protein content among studied cultivars as well as their moisture content of 13%. The modulus of elasticity of soybeans seeds was positively correlated with the content of fat (Fig. 7) , with the proviso that the strongest correlations were observed at moisture content 7% and 10%, and the poor correlation at moisture content 16% and 19%. This may mean that at even higher water contents in the soybean seeds the impact of fat content on the modulus of elasticity can be opposed.
* -significant at α = 0.05 Figure 7 . The relationship between modulus of elasticity (MPa) and chemical composition of soybean seeds (%) for five moisture contents (7, 10, 13, 16 and 19 %) * -significant at α = 0.05 Figure 6 . The relationship between deformation (%) and chemical composition of soybean seeds (%) for five moisture contents (7, 10, 13, 16 and 19 %) 
